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Adelaide, 5001, South Australia 

Enteric AH neurons, with multipolar Dogiel type II mor- 
phology, project around the circumference of the intestine 
to myenteric ganglia, the submucosa and mucosa. Using 
retrograde labeling in vitro, intracellular recording, dye fill- 
ing and immunohistochemistry, the projections of these 
neurons along the intestine were studied. When the retro- 
grade tracer, Dil, was applied to the myenteric plexus, la- 
beled nerve cell bodies were located up to 111 mm orally 
but only 13 mm aborally, demonstrating a marked differ- 
ence in the lengths of projections up and down the small 
intestine. Of labeled nerve cell bodies located 2-110 mm 
orally, 43% had Dogiel type II morphology and of these, 
70% were immunoreactive for calbindin, a calcium binding 
protein exclusive to Dogiel type II neurons. Intracellular fill- 
ing with neurobiotin revealed several long circumferential- 
ly directed nerve fibers and short, filamentous dendrites; 
thus these were “dendritic” Dogiel type II neurons. This 
class accounts for approximately 3-4% of all myenteric 
neurons, and about 10% of all Dogiel type II neurons. Intra- 
cellular recordings revealed AH cell characteristics, with 
long afterhyperpolarizations following their action poten- 
tials, pronounced slow excitatory synaptic inputs and a 
lack of fast excitatory synaptic inputs. Antidromic action 
potentials could be evoked from the Dil application site in 
some cells, confirming their aboral projection. This is the 
first account of a major aboral projection of AH/Dogiel type 
II neurons and suggests an important role in aborally di- 
rected reflexes in the intestine. 

[Key words: myenteric plexus, calbindin, AH cells, intes- 
tine, motility, enteric nervous system] 

The enteric nervous system contains sensory neurons, interneu- 
rons and motor neurons which are organized into neuronal cir- 
cuits within the wall of the gastrointestinal tract. These circuits 
play an important role in coordinating the movements of the 
stomach and intestines which are essential for normal digestion. 
Enteric neurons are organized into two ganglionated plexuses; 
the myenteric plexus which lies between the longitudinal and 
circular smooth muscle layers and the submucous plexus which 
lies within the submucosa. Intensive research has been carried 
out over the last two decades to identify the neuronal mecha- 
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nisms that underlie the control of gastrointestinal motility. One 
particular class of neurons in the myenteric plexus, the AH neu- 
rons, has been the subject of many electrophysiological and mor- 
phological studies. A variety of characteristics can be used to 
identify AH cells; chief among them is the long afterhyperpo- 
larization that follows their action potentials (see Bornstein et 
al., 1994; Wood, 1994, for reviews). Many AH cells have been 
demonstrated to have Dogiel type II morphological features 
(Bornstein et al., 1984; Erde et al., 1985; Katayama et al., 1986; 
Iyer et al., 1988; Hendriks et al., 1990; Bornstein et al., 1991) 
with large round or oval cell bodies and several long, tapering 
processes that run circumferentially out of the ganglion of origin 
and which give rise to varicose endings in surrounding myen- 
teric ganglia (Bornstein et al., 199 I ). A subtype of Dogiel type 
II neuron, with multiple, short dendritic processes, has also been 

described (Stach, 1989) and shown to have a different pattern 
of local projections to other Dogiel type II neurons (Bornstein 
et al., 1991). Many Dogiel type II neurons are immunoreactive 
for ChAT (Steele et al., 1991) substance P or a related tachy- 
kinin (Song et al., 1991), neuromedin U (Furness et al., 1989) 
and about 80-85% are immunoreactive for the calcium binding 
protein calbindin (Furness et al., 19X8; lyer et al., 1988; Furness 
et al., 1990). The axons of Dogiel type II neurons run predom- 
inantly in the circumferential direction within the myenteric 
plexus (Furness et al., 1990; Hendriks et al., 1990) where they 
branch extensively (Bornstein et al., 1991), and send branches 
to the submucosa and mucosa (Furness et al., 1990; Song et al., 
1991). 

From preliminary studies using retrograde labeling in vitro, 
some Dogiel type II neurons appeared to have long projections 
running longitudinally for many millimeters within the myen- 
teric plexus of the guinea pig small intestine that have not been 
described previously. Here we demonstrate that the “dendritic” 
type of Dogiel type II neuron have typical AH cell electrophys- 
iological characteristics and form the largest single source of 
aborally directed nerve fibers within the enteric nervous system. 

Materials and Methods 
Tissue preprtrfiorz ,for orgmwf?pic~ culture. The details of the tech- 
niques have been previously described (Brookes and Costa 1990; Song 
et al., 199 I, 1992). In brief, adult male and female guinea pigs (200- 
3.50 gm) were stunned and killed by exsanguination and specimens of 
distal, but not terminal small intestine, were removed under aseptic 
conditions. They were then placed immediately into sterile Krebs’ so- 
lution (composition, in mM: NaCI, 117; KCI, 5; MgSO,, 1.2; NaHCO,, 
25; NaH?PO,, 1.2; CaCl,, 2.15; glucose, IO: bubbled with 95% 0,/5% 
CO?, pH 7.4, containing 1 FM nicardipine). The lumen was flushed free 
of intestinal contents and the piece of intestine was opened along the 
mesenteric border, pinned out with the mucosa up, in a Sylgard-lined 

petri dish and rinsed repeatedly with fresh sterile Krebs’ solution. The 
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mucosa and submucosa were then removed by dissection from the entire 
preparation and a thin strip of circular muscle was peeled away, within 
20 mm of the aboral end of the tissue, to expose the myenteric plexus. 

Throughout this study, the dye, DiI (1, I ‘-didodecyl-3,3,3’,3’-tetra- 
methyl indocarbocyanine perchlorate; Molecular Probes, Eugene, OR) 
was used for retrograde labeling. To study projections of Dogiel type 
II neurons within the myenteric plexus, DiI was evaporated from ethan- 
olic solution at room temperature, onto small glass beads (IO&200 pm 
in diameter, Sigma Chemicals), which were then pressed gently onto 
the surface of one or more exposed internodal strands of the myenteric 
plexus (in the area where circular muscle was removed) so that they 
adhered to the tissue. 

Orgunorypic culture. After a IO min delay, to allow the DiI-coated 
bead to adhere, the tissue was washed repeatedly with sterile Krebs’ 
solution then covered in 20 ml of sterile culture medium (DMEIFl2, 
Sigma Chemicals) supplemented with 10% heat-inactivated fetal bovine 
serum, penicillin 100 IUlml, streptomycin 100 kg/ml, fungizone 2.5 
p,g/ml, gentamicin 20 kg/ml (Cytosystems, N.S.W., Australia) and ad- 
justed to pH 7.4. The 9 cm diameter petri dish was then placed in a 
humidified incubator (37°C equilibrated with 5% CO? in air) and agi- 
tated. The culture medium was changed daily. The tissues were cultured 
for 72 hr to allow the optimal retrograde transport of DiI from the nerve 
terminals to their cell bodies of origin. 

Immunohistochemistry. Organ cultured tissue was fixed for 18-24 hr 
at 4°C in modified Zamboni’s fixative (I 5% saturated picric acid and 
2% formaldehyde in phosphate buffer 0.1 M; pH 7.0). It was then 
washed repeatedly in phosphate buffered saline (PBS: 0.15 M NaCl in 
0.01 M sodium phosphate, pH 7.2) over a period of 3 hr before pro- 
cessing for immunohistochemistry. To enhance the penetration of anti- 
sera without affecting DiI localization, tissues were cleared for I hour 
in bicarbonate-buffered glycerol (70% glycerol in 0.5 M sodium car- 
bonate buffer, pH 8.6) prior to incubation with the primary antibodies. 

Indirect immunofluorescence techniques using primary antisera com- 
bined with Ruorophore-labeled secondary antibodies were used for la- 
beling of whole-mount preparations that had previously been analyzed 
for the projections of different morphological classes of neurons within 
the myenteric plexus. Whole mounts of tissues were incubated with a 
monoclonal mouse anti-calbindin D-28K antisera (Celio and Norman, 
1985; Song et al., 1991) diluted I:1000 for 18-48 hr at room temper- 
ature in a humid chamber. Tissues were then rinsed in PBS and incu- 
bated with the fluorescein isothiocyanate (FITC)-conjugated goat 
anti-mouse IgG (Cappel Laboratories, Cochranville, USA, code 3 1649) 
at I : 160. Following a final rinse in PBS, tissues were mounted in bi- 
carbonate-buffered glycerol. 

Analysk of prepurutions. Whole-mount preparations up to I30 mm 
in length were analyzed to establish the distributions of nerve cell bod- 
ies in relation to the DiI application site. Specimens were viewed under 
a Leitz Laborlux D microscope fitted with fluorescent epiillumination 
using a 50 W high-pressure mercury lamp as a light source. Filter block 
N2 was used to view DiI fluorescence; filter block L3 to view FITC 
fluorescence and a filter block modified from an A2 filter block (with 
the excitation filter of an H3 filter used as a substitute emission filter, 
together with an additional 430 nm long pass filter) was used for AMCA 
fluorescence. With this combination of filter blocks, each fluorophore 
could be viewed independently. Kodak T-MAX 400 film rated at 800 
ASA was used for black and white photography. In each preparation, 
the position and the chemical identity of each DiI-labeled neuron was 
recorded by measuring the stage position of the microscope with a high 
resolution (I pm) computerized plotting system (Brookes et al., 1992). 
Data was plotted using commercial graph plotting software (SIGMAPLOT 
5.1, Jandel, Corte Madera, CA). Results were obtained from three to 
six preparations from three to five animals for each set of experiments. 

Electrophysiology. Neurons with Dogiel type II morphological char- 
acteristics, and projections longer than IO mm, were targeted for intra- 
cellular recording following retrograde labeling in organotypic culture 
using the methods described above. After 3 d in culture the circular 
muscle was removed from the entire preparation and the longitudinal 
muscle-myenteric plexus preparation was pinned flat in a recording 
chamber and superfused with oxygenated Krebs’ solution at 33-35°C 
containing l-2 f&M nicardipine and l-2 PM hyoscine hydrobromide to 
prevent spontaneous muscle activity. Specimens up to 35 mm long, with 
the DiI application site attached. could be accommodated in the record- 
ing chamber. With the rhodamine filter on an Olympus IMT2 inverted 
microscope, DiI-!abeled cells were visualized in living tissue using 400 
times total magnification. Microelectrodes were advanced vertically into 

the DiI filled cells whilst taking care to minimize the total period of 
illumination with excitation wavelengths for DiI. 

Microelectrodes were tip-filled with either biocytin (Sigma Chemi- 
cals) or, later, with the more soluble neurobiotin (Vector Lab., Burlin- 
game. CA) at 24% w/v in 0.5 M KCI). back-filled with 0.5 M KCI and 
had resistances of 120-180 Mn. Cells were filled with depolarizing 
current pulses (0.2-0.5 nA, with a duty cycle of 50%) for l-2 min at 
the beginning and end of each impalement. Intracellular recordings and 
current injection were carried out with an Axoclamp-2A amplifier 
(Axon Instruments, Foster City, CA) in bridge mode. Focal electrical 
stimulation with 0.25 msec pulses from a Grass S88 stimulator, via a 
Grass SIU stimulus isolation unit, was delivered through bipolar 25 urn 
platinum/iridium wire electrodes insulated to within 50 pm of their tips. 
The micromanipulators for the recording and stimulating electrodes 
were mounted on the microscope stage, allowing the stimulating elec- 
trode to be repositioned to any point in the preparation, under visual 
control, whilst maintaining an intracellular impalement. Recordings 
were made using AXOTAPE version I .O (Axon Instruments, Foster City 
CA) data acquisition system and analyzed using AXOGRAPH I .O software 
(Axon Instruments, Foster City, CA). Electrophysiological and morpho- 
logical measurements are expressed as means + standard errors of the 
means (SEMs). 

Neurobiotin or biocytin-filled preparations were fixed overnight in 
modified Zamboni’s fixative and washed repeatedly in PBS. The tissues 
were then cleared in glycerol, as described previously (Brookes et al., 
1992; Song et al., 1992) prior to incubation with I:50 streptavidin 
7-amino-4-methylcoumarin-3-acetic acid (AMCA, Amersham, UK) for 
2 hr. The preparations were then washed again in PBS and mounted in 
bicarbonate-buffered glycerol (pH 8.6) for analysis and photography. 
For immunohistochemical analysis, preparations were labeled for cal- 
bindin immunohistochemistry as described above. The presence of neu- 
robiotin (or biocytin) labeling coinciding with DiI was taken as evi- 
dence that the correct cell had been impaled: recordings in which this 
was not the case were discarded. After analysis the impaled cells were 
visualized through overnight incubation in Vectastain (Vector Labora- 
tories, Burlingame, CA) followed by a DAB/hydrogen peroxide reaction 
and were drawn with a camera lucida attached to an Olympus BH2 
microscope fitted with differential interference contrast optics. 

Results 
Projection qf neurms labeled ,from the myenteric plexus 

Application of Dil to a single internodal strand or myenteric 
ganglion typically labeled from 500 to 1000 neurons scattered 
throughout the myenteric plexus. Cells were found up to 130 
mm oral to the Dil application site but never more than I3 mm 
aborally. The preliminary observation that many labeled nerve 
cell bodies located more than 2 mm oral to the application site 
appeared to have Dogiel type 11 morphology, in apparent con- 
tradiction to previous studies (Hendriks et al., 1990; Bornstein 
et al., 1991), led to this investigation. In tive preparations from 
five animals a single Dir-coated glass bead was applied to the 
intersection of an internodal strand with a myenteric ganglion. 
A typical example of the resulting labeling is shown in Figure 
I. A significant proportion of Dil-labeled Dogiel type II neurons 
were located circumferential to the application site, within 2 mm 
oral or aboral to the application site. Dogiel type II neurons 
constituted on average 39.3% of these locally projecting neurons 
(327 neurons of 832 from tive preparations in five animals). In 
addition many Dil-labeled Dogiel type II neurons were located 
oral to the application site, but very few were found more than 
2 mm aboral to the application site. In fact, Dogiel type II neu- 
rons comprised 43.2% of all neurons with descending projec- 
tions longer than 2 mm ( 12 I2 out of 2807 neurons, n = 5). The 
majority of Dogiel type II neurons located either oral (69.9%) 
or circumferential to the application site (80.1%) were immu- 
noreactive for the calcium binding protein calbindin (Fig. 2). 
The distributions of Dogiel type II neurons labeled from the 
myenteric plexus are shown in Figure 3. 

To assess the proportions of Dogiel type II neurons with long 
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Figure I. Distribution of Dogiel type II and other types of nerve cell bodies retrogradely labeled from a single internodal strand of the myenteric 
plexus at the origin of the axes. Each of the symbols represents a single, labeled nerve cell body. Calbindin-immunoreactive Dogiel type II nerve 
cell bodies are shown as a solid circle, Dogiel type II neurons lacking calbindin immunoreactivity as open circles and other types of cells as open 
squares. Nerve cell bodies were labeled up to 110 mm oral to the application site but only up to 13 mm aborally. 

Figure 2. Calbmdin immunoreactivity in DiI-labeled Dogiel type II neurons located 107 mm (A) and 90 mm (C) oral to a DiI application site 
(arrows) in the myenteric plexus. One neuron (B) was immunoreactive for calbindin, the other was not (D). Scale bar, 20 pm. 
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Figure 3. Distributions of Dogiel type II neurons, with and without calbindin immunoreactivity, retrogradely labeled from the myenteric plexus, 
shown as a stack histogram (five preparations). Many Dogiel type II neurons were located circumferential and within 2 mm longitudinally from 
the DiI application site. Dogiel type 11 neurons also comprised nearly 40% of all neurons labeled more than 2 mm oral to the application site and 
were found over 100 mm orally. Very few Dogiel type II neurons were labeled more than 2 mm aboral to the application site, indicating that they 
lack long orally projecting axons. 

descending projections, DiI was applied to every internodal 
strand across the circumference of a preparation (from 20-28 
application sites). The preparation was then labeled with calbin- 
din antisera and the total number of calbindin-immunoreactive, 
DiI-labeled cells was counted in two separate sample areas, each 
5 mm wide, located IO-I 5 mm and 404.5 mm oral to the ap- 
plication site. The number of calbindin-immunoreactive neurons 
within the same areas was also counted. Three preparations from 
three different animals were studied in this way. From IO-IS 
mm oral to the application sites, 10% of all calbindin-immuno- 
reactive neurons were retrogradely labeled with DiI. Between 
404.5 mm oral to the application site an average of 3% of cal- 
bindin-immunoreactive neurons were retrogradely labeled with 
DiI (see Table I). These results indicate that a minimum of 10% 
of calbindin-immunoreactive neurons have aborally directed 

Table 1. The minimum proportions of calbindin-immunoreactive 
neurons with aborally directed projections longer than 10 mm 
and 40 mm were calculated by applying DiI to every internodal 
strand across each of six preparations 

IO-IS mm 40-45 mm 

DiI’ DiI+ 
Do- Do- 

Total Dil’ % giel Total DiI+ % giel 
Prep Calb’ Calb’ Calb’ 11 Calb’ Calb+Calb+ II 
# cells cells Dil’ Calb~ cells cells DiI+ Calb- 

I 1921 223 11.6% 150 2127 77 3.6% 29 
2 1781 220 12.3% 150 1832 67 3.6% 61 
3 1443 92 6.4% 68 1526 32 2.1% 42 

Total lO.l% 3.1% 

The total number of calbindin-immunorcactivc neurons between IO and I5 mm 
oral to the application site. and the proportion of these that were labeled by 
Dil were determined. AI least 10% of all calbindin-immunoreactive neurons 
have projections longer than IO mm and at least 3% have projections longer 
than 40 mm. In addition. many Dogiel type II neurons that lacked calbindin 
immunoreactivity were labeled in these areas. 

projections more than 10 mm long, and that at least 3% have 
projections more than 40 mm in length. 

Observations of the morphology of the occasional neurons 
whose branching could be visualized, suggested that each cell 
gave rise to a single, aborally directed axon. In order to deter- 
mine whether Dogiel type II neurons have more than one long 
aborally directed nerve fibre, or whether the long nerve fibers 
bifurcated and ran in more than one internodal strand, DiI was 
applied to five consecutive internodal strands and the number of 
calbindin-immunoreactive cells was compared to control prep- 
arations with a single DiI application site. The numbers of filled 
cells per bead did not differ significantly in the two types of 
preparations (see Table 2), indicating that calbindin-immuno- 

Table 2. Comparison of DiI-labeled neurons that were 
immunoreactive for calbindin in preparations where one bead or 
five beads were applied on the internodal strands 

Distance 
oral to DiI 

Labeled cells per bead 

application One-bead Five-bead 
site (mm) preparation preparation 

IO 3.4 + 1.16 3.25 2 0.75 
20 4.4 + 1.12 3.5 -+ 0.5 
30 3.2 k 0.86 2.55 k 0.05 
40 2.4 rk 0.68 I.2 ? 0.6 

50 I.6 + 0.51 1.2 ? 0.2 

60 1.4 t 0.68 I.3 ? 0.3 

IO 0.4 k 0.24 0.55 k 0.25 
80 0.6 t 0.24 0.35 k 0.05 

The results were expressed as the average numbers of labeled calbindin-im- 
munoreactive neurons per bead (mean t SEM) in a band I mm wide across 
the circumference of the gut. If the axons of ahorally projecting Dogiel type 
II neurons bifurcate within the myenteric plexus, this would be expected to 
reduce the number of tilled cells per bead in preparations with five beads, since 
the same cell would have been tilled from two DiI application sites. This did 
not occur, suggesting that most neurons of this class have a single aborally 
projecting axon that does not branch in multiple internodal strands. 



The Journal of Neuroscience, May 1995, 15(5) 4017 

Figure 4. Detailed morphology and calbindin immunoreactivity of DiI-labeled Dogiel type II neurons located 16.4 mm (A-C) and 24.2 mm (D- 
F) oral to the DiI application site. DiI labeling revealed the basic Dogiel type IT morphology with a large smooth cell body and several long 
tapering processes (A, D). Intracellular injection of neurobiotin revealed the morphology in considerably more detail and revealed the presence in 
many cells, of short dendritic processes that were not always apparent with DiI labeling. One of the cells was immunoreactive for calbindin (F) 
the other was not (C), although faint bleed-through from the very intense neurobiotin labeling is visible. Scale bar, 100 pm. 

reactive neurons usually give rise to a single long, descending 
axon that does not bifurcate. 

Morphologicul characteristics of Dogiel type II neurons with 
long descending projections 

Studies using intracellular dye injection and electrophysiological 
tracing methods have demonstrated that Dogiel type II neurons 
have a predominantly circumferential projection within the 
myenteric plexus; long, descending projections of these cells 
have not been previously reported. It was of interest then to 
determine whether the Dir-labeled neurons with long descending 
projections have typical Dogiel type II morphological charac- 
teristics. This was achieved by targeting DiI-labeled Dogiel type 
II neurons located more than IOmm oral to the DiI application 
site for intracellular recording and dye filling with biocytin- or 
neurobiotin-containing microelectrodes. 

Intracellular labeling with biocytin or neurobiotin revealed 

similar details of soma-dendritic morphology, but neurobiotin 
was preferred due to its greater solubility. Both labels showed 
considerably more of the detailed morphology than DiI alone 
(Fig. 4). Each neuron had a large, smooth, round to ovoid cell 
body that is typical of Dogiel type II neurons, averaging 44 k 
4 km in length (mean 2 SEM; range, 28-69 pm) by 21 + 1 
km in diameter (range, 15-30 km; 11 cells). The nucleus was 
asymmetrically located, usually toward the edges rather than the 
ends of the cell. Most of the intracellularly filled neurons had a 
number of short or “dendritic” processes arising from the cell 
body (average, 5 + 0.5 dendrites; range, 2-8; 11 cells). These 
were typically less than 1 cell body diameter in length and fil- 
amentous, often with side branches. Each cell body also gave 
rise to two or more long processes (3 t 0.3; range, 2-6; n = 
20) that tapered and could then be traced for up to 4 mm cir- 
cumferentially within the myenteric plexus. Typical examples of 
the soma-dendritic morphology of Dogiel type II neurons with 
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Figure 5. Camera lucida drawings of four neurobiotin-filled Dogiel type II neurons located 19.6 mm, 18.2 mm, 14 mm, and 27.5 mm oral to the 
DiI application site (from the left). Note the relatively large cell bodies, with a predominantly ovoid shape. All of the cells had two or more long 
processes and variable numbers of short filamentous processes that are characteristic of “dendritic” Dogiel type II neurons. Oral is to the left. Scale 
bar, 100 km. 

long descending projections are shown in Figure 5. The long 
processes ran initially within myenteric ganglia, but often con- 
tinued in circumferentially aligned secondary branches of the 
myenteric plexus. An example of the branching pattern of a 
Dogiel type II neuron with a long descending projection is 
shown in Figure 6. On many occasions the circumferentially 
running fibers entered and branched in other myenteric ganglia, 
suggesting that the secondary branches of the myenteric plexus 
are an important circumferential pathway within the wall of the 
small intestine. 

Within myenteric ganglia, many long processes gave rise to 
narrow, varicose side branches that meandered and branched 
around other nerve cell bodies and probably represent the out- 

puts of these neurons to other myenteric neurons (see Fig. 6). 
In two of the cells, one branch arising from a long process could 

be traced a short distance aborally within the myenteric plexus, 
before fading. Such polarized projections were only seen run- 
ning in the aboral direction and may represent the long branch 
to the DiI application site, through which the cell body was 
originally labeled with DiI. Most of the long processes of these 
neurons, however, ended in retraction bulbs, usually at the sev- 
ered ends of circumferentially aligned secondary branches of the 
myenteric plexus, presumably due to damage sustained during 
removal of the circular muscle, prior to recording. Retraction 
bulbs at these sites have been suggested to be the points at which 
the nerve fibers project toward the mucosa (Bornstein et al., 

1991). On a number of occasions, retraction bulbs were seen 
emanating from the side of labeled nerve fibers which then con- 
tinued within the secondary branch (Fig. 6) subsequently enter- 
ing another myenteric ganglion. Thus, secondary branches prob- 
ably have a dual role as both circumferential conduits between 
myenteric ganglia, and as part of the pathway between the myen- 
teric plexus and the overlying layers of circular muscle, sub- 
mucosa, and mucosa. 

Culhindin immunnreactivity of hiocytin-labeled neurons 

Biocytin- or neurobiotin-labeled cells were visualized using ei- 
ther the blue fluorescence of AMCA or the greenish-yellow flu- 
orescence of FTTC-labeled streptavidin. Comparison with the red 
fluorescence of DiI was used to confirm that the correct cell had 
been impaled and recorded-cells in which this was not the case 

were discarded. In addition, tissue was processed for calbindin 
immunoreactivity. Of 12 neurons, 7 were immunoreactive for 
calbindin, the remainder were not. The calbindin-immunoreac- 
tive and non-immunoreactive neurons appeared indistinguish- 
able on the basis of other morphological and electrophysiolog- 
ical features (see Fig. 5) 

Electroph~siological properties 

Intracellular recordings confirmed that the Dogiel type II neu- 
rons with long descending projections within the myenteric plex- 
us have the electrophysiological properties characteristic of AH 
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Figure 6. Camera lucida drawing of a neurobiotin-filled “dendritic” Dogiel type II neuron with its branching in the myenteric plexus. Four long 
processes originated from the cell bod;, three running circumferentially, one running aborally before fading (arrow). Two retraction bulbs were 
visible (asterisks), one at the severed end of an axon, the other apparently arising “en passant” from an axon that continued into the next ganglion. 
Fine varicose branches labeled with neurobiotin were visible in several of the ganglia through which axons passed. This neuron had an antidromic 
action potential from the DiI application site. Oral is toward the top. Scale bar, 200 pm. 

cells. The neurons had relatively large resting potentials (aver- 
age, -64 % 2 mV; range, -57 to -70 mV; 10 cells) and in- 
termediate input impedances (average, 143 rt 1 I MO, range, 
95-190 MR). The cells responded to suprathreshold 
depolarizing current pulses by firing phasically at the onset of 
depolarization, from l-9 action potentials (average, 3 ? 1 ac- 
tion potentials; 9 cells) with maximum instantaneous firing fre- 
quencies of 40 Hz (average, 40 & 7 Hz; range, 20-60 Hz; 6 
cells). The soma action potentials were large in amplitude, usu- 
ally overshooting 0 mV. Average amplitude was 71 + 4 mV (7 
cells). Action potentials typically had a relatively slow time 
course, with a pronounced inflection or “shoulder” on the fall- 
ing phase (see Figs. 8, 10). Measured at half peak amplitude, 
the average duration was 2.7 ? 0.2 msec (range, 2.0-3.6 msec; 
II = 8 cells). Action potentials were followed by a long, slow 
afterhyperpolarization, up to IO mV in amplitude and lasting up 
to 15 set (average, 7 t 2 mV, 6 & 1 set; 8 cells). Afterhyper- 
polarizations showed summation following repeated action po- 
tentials and were associated with a decrease in cell input im- 

I 20 mV 

10.5 nA 

1 set 

Figure 7. A depolarizing current pulse evoked a single action potential 
in a Dogiel type II neuron located 18.2 mm oral to the DiI application 
site. This was followed by a long afterhyperpolarization that is char- 
acteristic of AH cells, lasting about 4 sec. Membrane responses to con- 
stant current hyperpolarizing current pulses reveal an increase in con- 
ductance associated with the afterhyperpolarization. 

pedance, as measured by small, hyperpolarizing constant current 
pulses (Fig. 7). In response to hyperpolarizing constant current 
pulses, the cells typically responded with a hyperpolarization 
that tended to “sag” over the first 150 msec, before stabilizing. 
At the offset of the hyperpolarization, the membrane potential 
sometimes overshot the average resting potential, occasionally 
leading to action potential initiation. These types of responses 
have previously been characterized in AH cells and are due to 
a voltage dependent cation current, ZH (Galligan et al., 1990) 
(Fig. 8). These features are characteristic of AH cells (Bornstein 
et al., 1994; Wood 1994) 

Electrical stimulation within Imm circumferential of the re- 
corded cell often evoked an antidromic action potential from a 
circumferentially running long process (Hendriks et al., 1990) 
that could be reduced in amplitude by hyperpolarizing the nerve 
cell body, leaving an electrotonically conducted axon spike with 
a rapid rise time (C3.0 msec to peak) and slower decay. With 

120mV 
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Figure 8. The membrane response to a hyperpolarizing current pulse 
shows a characteristic “sag” that has been shown in AH cells, to be 
caused by the cationic I,, current. At the end of the hyperpolarizing 
current pulse, the membrane potential overshoots, leading to an action 
potential with a marked inflection on its falling phase. Recordings were 
from a Dogiel type II neuron located 12 mm oral to the DiI application 
site. 
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F~,z+uY 9. Focal electrical stimulation (20 Hz, 0.5 set, 0.2.5 msec puls- 
es at the crrrow) approximately 1.5 mm from the recorded nerve cell 
body failed to evoke fast excitatory synaptic potentials in a Dogiel type 
II neuron located IS.3 mm oral to the DiI application site. However a 
slow excitatory synaptic potential was evoked, lasting over 45 set, as- 
sociated with a decreased conductance (shown by the increase in the 
membrane response to constant current hyperpolarizing pulses). 

increasing hyperpolarization, antidromic action potentials de- 
creased in peak amplitude, or remained constant: they never 
showed the pronounced increase in amplitude that was typical 
of fast excitatory postsynaptic potentials (fast EPSPs). In fact, 
none of the AH cells recorded in the present study received 
detectable fast EPSPs following electrical stimulation at any site 
in the preparation. With repetitive stimulation I mm circumfer- 
ential to the recorded cell body (IO-20 pulses per second, 0.25 
msec duration, for 0.5-I set), slow EPSPs were evoked, al- 
.though subsequent movement of the preparation often prema- 
turely ended the recording. Slow excitatory postsynaptic poten- 
tials lasted from 30-120 set, were associated with 
depolarization, increased input impedance, and increased excit- 
ability (see Fig. 9). 

Previous studies have failed to demonstrate the existence of 
long descending projections from Dogiel type II neurons, using 
either morphological or electrophysiological techniques (Hen- 
driks et al., 1990; Bornstein et al., 1991). It was of interest to 
determine whether the long, aborally directed processes from the 
cells in this study were capable of conducting action potentials. 
Focal electrical stimulation was applied near the DiI application 
site, since the cells must have projected to this point in order to 
have been retrogradely labeled. Twelve neurons located from 
Il.9 to 27.5 mm oral to the DiI application site were tested in 
this way. Five had antidromic action potentials from the DiI 
application site (see Fig. IO), with an average conduction veloc- 
ity of 0.36 ? 0.04 m/set (range, 0.25-0.47 m/set; 5 cells). The 
fact that seven neurons did not have intact projections to the 
application site was, at first sight, confusing. However, exami- 
nation of the intracellular dye fills of these cells demonstrated 
that they had circumferential projections from their cell bodies 
that ended in retraction bulbs. This was presumably due to the 
severing of secondary branches of the myenteric plexus during 
the removal of the circular muscle layer prior to intracellular 
recording. It is probable that the long descending projections of 
these cells arose from nerve processes distal to the point of 
damage and hence were not detectable in electrophysiological 
preparations. 

Discussion 

This study has demonstrated that “dendritic” Dogiel type II neu- 
rons (Stach, 1989) in the myenteric plexus of the guinea-pig 
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Figure 10. A, Antidromic action potential in a Dogiel type II neuron 
located 11.8 mm oral to the DiI application site. The latency of the 
action potential gives a calculated conduction velocity of 0.45 m/set by 
the long, aborally projecting nerve fiber. When the cell was hyperpo- 
larized to -99 mV, the soma action potential was blocked (B) revealing 
a small axon spike with a rapid rise time and slow decay. Stimulation 
of an adjacent internodal strand (C) near the DiI application site failed 
to evoke an antidromic event. 

small intestine have long aboral projections that have not been 
reported previously. This type of enteric nerve cell forms a rec- 
ognizable class of myenteric neurons with typical AH cell elec- 
trophysiological characteristics (see reviews by Bornstein et al., 
1994; Wood 1994). 

Functional roles of ’ ‘dendritic” Dogiel tye II neurons 

“Dendritic” Dogiel type II neurons cannot be motor neurons 
since they are not retrogradely labeled from the circular or lon- 
gitudinal muscle layers (Brookes and Costa, 1990; Brookes et 
al., 1991, 1992) and calbindin immunoreactivity, which is pres- 
ent in 70% of “dendritic” Dogiel type II neurons, is very sparse 
in the muscle layers (Furness et al., 1988, 1990). A recent study 
has demonstrated that all calbindin-immunoreactive Dogiel type 
II neurons can be retrogradely labeled from the mucosa (Song 
et al., 1994) and this must include the “dendritic” Dogiel type 
II neurons. Thus, “dendritic” Dogiel type II neurons are un- 
likely to be simple interneurons in the myenteric plexus. 

Two other possibilities exist. “Dendritic” Dogiel type II neu- 
rons may be multifunctional neurons lacking fast excitatory syn- 
aptic inputs, but which receive slow synaptic inputs, which make 
outputs onto other myenteric neurons and have either inputs or 
outputs in the mucosa. Alternatively, “dendritic” Dogiel type II 
neurons may be a type of intrinsic sensory neuron. Enteric sen- 
sory neurons have never been identified directly due to the dif- 
ficulty of recording from a cell while mechanically stimulating 
the tissue, however, several lines of circumstantial evidence sug- 
gest that “dendritic” Dogiel type II neurons may have a sensory 
role. 

First, the absence of fast excitatory synaptic potentials is com- 
patible with a sensory role, since it suggests that the neurons are 
not directly synaptically driven by other presynaptic neurons 
(Hirst et al., 1974). However, these neurons do receive a slow 
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excitatory synaptic input, sometimes suflicient to cause tiring of 
action potentials: this may represent an interneuronal role for 
these cells, or may be a mechanism modulating their respon- 
siveness to sensory stimuli. Slow excitatory synaptic inputs are 
likely to facilitate the transmission of action potentials across 
the nerve cell body of multipolar (Dogiel type 11) enteric neurons 
(Wood, 1989). The presence of slow synaptic excitation could 
determine how many of the other axons would be invaded by 
an incoming action potential generated remotely in a single 
axon, perhaps in the mucosa. Recordings from pairs of myen- 
teric neurons have recently revealed that the varicose endings 
arising from the axons of Dogiel type II neurons make synaptic 
outputs onto other neurons (Kunze et al., 1993). 

A second piece of circumstantial evidence supporting a sen- 
sory role for “dendritic” Dogiel type II neurons is the projection 
of these cells to the mucosa, since mucosal stimulation can 
evoke polarized motor reflexes in the small intestine (Hukuhara 
et al., 1958; Smith and Furness, l988), even in the absence of 
extrinsic nerve fibers (Furness et al., 1994). Five classes of en- 
teric neurons can be retrogradely labeled from the mucosa (Song 
et al., 1991, 1992) and can be distinguished by the presence of 
VIP, NPY or calretinin immunoreactivities or Dogiel type II 
morphology (in either submucous or myenteric neurons). It 
would be expected that enteric sensory neurons sensitive to mu- 
cosal stimuli would have sensory endings in the mucosa and 
outputs in either submucous or myenteric ganglia. Of the five 
classes of neurons that project to the mucosa, only the Dogiel 
type II neurons (in both the submucous and myenteric plexuses) 
have been demonstrated to have such a dual projection. The 
VIP-, NPY- and calretinin-immunoreactive nerve endings in 
myenteric and submucous ganglia appear to originate from 
myenteric interneurons that project up or down the gut (Costa 
and Furness, 1983; Furness et al., 1983; Brookes et al., 1991) 
whereas submucous and myenteric Dogiel type II neurons have 
both been demonstrated to give rise to projections into enteric 
ganglia (Kirschgessner and Gershon, 1988; Bornstein et al., 
1991) and to project to the mucosa (Song et al., 1994). It is 
likely, therefore, that enteric sensory neurons to the mucosa have 
Dogiel type II morphology and must include the “dendritic” 
neurons of the present study. 

Third, “dendritic” Dogiel type II neurons have a striking sim- 
ilarity to a class of submucous neurons, immunoreactive for sub- 
stance P that have previously been suggested to be intrinsic 
sensory neurons (Bornstein et al., 1989; Kirschgessner et al., 
1992). These cells express Fos immunoreactivity following mu- 
cosal stimulation (Kirschgessner et al., 1992) even when fast 
excitatory synaptic transmission is blocked with hexamethon- 
ium. They are similar to Dogiel type 11 neurons in the myenteric 
plexus, having relatively few fast excitatory synaptic inputs, a 
long afterhyperpolarization following action potentials and slow 
synaptic inputs (Bornstein et al., 1989). These neurons are also 
multipolar (Bornstein et al., 1989) project both to the mucosa 
(Song et al., 19Y2) and myenteric plexus (Kirschgessner and 
Gershon l988), and some are immunoreactive for calbindin 
(Kirschgessner and Gershon, 198X; Kirschgessner et al., 1992). 
“Dendritic” Dogiel type II neurons share these characteristics 
and thus may also have a sensory role in the intestine. 

It has been proposed, using similar arguments, that all Dogiel 
type II neurons, with AH cell electrophysiological features, are 
likely to be intrinsic sensory neurons in the guinea pig small 
intestine (Furncss et al., 1988) suggesting that there may be two 
classes of enteric sensory neurons (i.e., “dendritic” and “non- 

dendritic”). Evidence for two functional classes of enteric sen- 
sory neurons has been provided by the analysis of interactions 
between motor reflexes evoked by mucosal stimulation and by 
distension (Smith et al., 1991). Since both “dendritic” and 
“nondendritic” Dogiel type II neurons project to the mucosa 
(Song et al., 1994) it seems unlikely that one class is a disten- 
sion receptor and the other a mucosal receptor. A recent study 
in the rat colon has provided evidence that reflexes evoked by 
mucosal stimulation are mediated by intrinsic sensory neurons, 
whereas reflexes evoked by distension can be blocked by inter- 
rupting extrinsic neuronal pathways to the gut (Grider and Jin, 
1994). This suggests that, at least in this preparation, distension- 
evoked reflexes may be mediated by the peripheral axons of 
extrinsic sensory neurons. The nature of the difference in func- 
tion between “dendritic” and “nondendritic” Dogiel type 11 
neurons in the guinea pig small intestine thus remains to be 
determined. It should also be pointed out, however, that there is 
currently some debate as to whether Dogiel type II neurons are 
indeed sensory, or whether they may have a primarily interneu- 
ronal role (Wood, 1994). 

The failure of Bornstein et al., (1991) to identify the long 
descending projection of “dendritic” Dogiel type II neurons by 
intracellular dye filling was probably due to the damage caused 
to the preparation by the removal of the circular muscle layer 
just prior to recording. The long, aborally directed nerve libre 
usually arises from a circumferentially directed axon. often at 
some distance from the cell body. Thus, damage to a circum- 
ferential axon may also disrupt the long descending projections. 
This is also the simplest explanation for the observation that 7 
out of I2 “dendritic” Dogiel type II neurons in the present study 
did not have intact projections to the DiI application site at the 
time of recording, even though they had been retrogradely la- 
beled prior to removal of the circular muscle layer. 

Quuntitution of ‘ ‘dendritic” Dogiel type II neurons 

The subtype of Dogiel type II neurons with long, aborally di- 
rected projections and “dendritic” morphology account for 
about 10% of all Dogiel type II neurons, based on the proportion 
of all calbindin neurons that can be labeled with DiI applied 10 
mm aborally. Bornstein et al. (I 992) found a similar proportion 
of randomly impaled Dogiel type II neurons were of the “den- 
dritic” type. Calbindin-immunoreactive neurons account for 22- 
28% of myenteric neurons (Furness et al., 1990; Young et al., 
1993). From l5-30% of Dogiel type II neurons lack calbindin 
immunoreactivity (Iyer et al., 1988; Song et al., 1991; this 
study), thus Dogiel type II neurons account for 25-39s of all 
myenteric neurons. “Dendritic” Dogiel type II neurons must 
comprise 34% of all myenteric neurons, but account for 43% 
of all neurons labeled more than 2 mm oral to a DiI application 
site. This discrepancy is most simply explained by the very long 
projections of many of these neurons, which would increase 
their probability of tilling compared to other neurons with short- 
er projections. The other major classes of neurons with long 
aboral projections in the myenteric plexus are defined by the 
presence of vasoactive intestinal polypeptide (Costa and Fur- 
ness, 1983) 5-hydroxytryptamine (Furness and Costa. 1982) or 
somatostatin (Costa et al., 1980). “Dendritic” Dogiel type II 
neurons, which are not immunoreactive for any of these sub- 
stances, form the largest single aboral projection. 

The results of the present study have revealed a marked asym- 
metry in the length of orally and aborally projecting neurons 
with oral projections up to I3 mm long, and aboral projections 
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up to 100 mm. The “dendritic” type II neurons have amongst 
the longest projections of any of these neurons. If they are in- 
deed sensory neurons, localized stimulation may lead to synaptic 
outputs to myenteric neurons along a considerable length of the 
intestine aborally, possibly without interneuronal pathways be- 
ing activated. The length and polarity of the projections of “den- 
dritic” Dogiel type II neurons suggest that they are likely to 
play an important role in aborally directed reflexes in the intes- 
tine. 
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